The structure of ferrous oxide has been studied between room temperature and liquid-air temperature (90 ° K.) by X-ray powder photography. The results support the conclusion of Jette & Foote that at room temperature the structure is of the NaCl-type with a small and variable number of the Fe ~+ sites vacant, so that the stoichiometric composition :FeO is never attained.
Introduction
The variable composition of ferrous oxide has been known for some time, but the origin of this variation has received various interpretations from different authors. From an investigation of the chemical composition, room-temperature lattice parameter, and density of oxides of different composition, Jette & Foote (1933a, b) concluded that at room temperature the structure is of the NaCl-type with a small and variable number of the Fe ~+ sites vacant. B~nard (1937, 1939) , however, measured the lattice parameters of various oxide preparations and obtained quite different results (the two sets of results are discussed below in § 3). He concluded that oxides of minimum iron content correspond to stoichiometric FeO, and that oxides of higher iron content contain the excess iron in interstitial solid solution. The present state of our knowledge has been recently reviewed by Wyckoff (1952) , who says: 'When ferrous oxide is heated with an excess of iron and quenched from a series of temperatures, the lattice parameter is greater the higher the quenching temperature. This has been interpreted to mean that at 'elevated temperatures iron dissolves in and swells the ferrous oxide structure: it could also represent an attempt to complete the lattice by approaching the 1:1 composition ratio.'.
The main part of the present investigation is concerned with the low-temperature structure of ferrous oxide. In addition, certain observations on the room- temperature structure are given, as they have an important bearing on the discussion of the lowtemperature measurements, and, moreover, help to resolve the disagreement between the results of B~nard and of Jette & Foote.
Preparation of oxides of different composition
Ferrous oxide is unstable below 570 ° C. and decomposes according to the equation 4 FeO = F%O 4 + Fe.
The velocity of this reaction attains a maximum at 500 ° C. (B6nard & Chaudron, 1936) , but is very small at room temperature. Consequently, ferrous oxide samples must be prepared above 570 ° C. and then rapidly quenched to room temperature. It is desirable to carry out X-ray examinations soon after the quenching process, in order to avoid ambiguities arising from partial decomposition of the metastable ferrous oxide preparations.
Approximately 20 g. of ferrous oxide, used as the basic material (A) for subsequent preparations, were prepared by decomposition of ferrous oxalate at 800 ° C. in a stream of nitrogen. The product obtained after heating for 3 hr. gave an X-ray powder photograph sho~ing lines of the ferrous oxide structure only. The preparation of the oxide from the oxalate was not used by Jette & Foote (1933a) , because they found that the product obtained by decomposition in vacuo gave lines of free iron as well as ferrous oxide on the powder photograph. In their work, the formation of free iron may have been due to reduction of the oxide by carbon monoxide according to the equations FeC~04 = FeO + CO + CO,., FeO+CO = Fe+CO~.
We avoided this difficulty by carrying away the carbon monoxide and carbon dioxide gases in a stream of nitrogen.
The material (A) was then divided into two equal portions. One portion was mixed with a small excess of iron (mixture B) and the other portion with a small excess of FeaO4 (mixture U). The mixture B was further subdivided into several quantities weighing approximately 1 g. each, and each quantity was separately enclosed in a small platinum thimble and sealed in an evacuated quartz tube. The individual tubes were heated at a given temperature in the range 600-1200 ° C. The duration of the heat treatment was from 2 hr. to 60 hr., depending on the temperature, and after this time the tube was quenched by rapid immersion in cold water. In this way several different samples were obtained, corresponding to ferrous oxide in equilibrium with iron at different temperatures from 600 ° C. to 1200 ° C.
Samples of ferrous oxide in equilibrium with Fe304 were preparedin exactly the same way from mixture C.
have been multiplied by the factor 1.00202, in order to express them on the same absolute scale (Co Kc~ 1 = 1.78890 A) as the present results. Fig. 1 shows that our results are in much closer accord with the previous observations of Jette & Foote than with those of B~nard. In particular, we have confirmed that a 0 decreases rapidly with the increasing quenchin~ temperature T for the oxide heated in the presence of F%04, whereas B~nard found that a 0 is independent of T in the temperature range 575-975 ° C. It was this observation that led him to conclude that ferrous oxide in equilibrium with FeaO 4 corresponds to stoichiometric FeO.
It is difficult to account for the apparently anomalous results of Bdnard, except on the basis of incorrect heat treatment. Unfortunately, there is no reference in his papers to the details of heat treatment of the oxide in the presence of F%04, and only three experimental points were included on his curve (fi) ( Fig. 1 ) referring to such oxides. We have found that, for temperatures below 900 ° C., heating for a few hours only is not sufficient to give samples with a value of a o which corresponds to ferrous oxide in equilibrium with F%04.
Room-temperature structure
X-ray powder photographs of each sample were taken at room temperature and liquid-air temperature (90 ° K.) with a 19 cm. camera using Co K~ radiation. For sintered specimens care was taken in powdering to avoid introducing excessive lattice distortion. X-ray photographs of these specimens gave sharp high-order lines.
The room-temperature lattice parameter (a0) of each sample was determined to an accuracy of i0"0003 A oo (A) 1
4" 2800 600 800 1000 1200 by means of the usual extrapolation methods, and the results are given in Fig. 1 , in which a 0 is plotted against T, the temperature from which the sample was quenched. Curve (i) refers to the samples of ferrous oxide heated in the presence of free iron and curve (ii) to, the samples heated with Fe304. Determinations of the a 0 versus T curve have also been carried out by Jette & Foote (1933b) and B~nard (1939) . Their results are also included in the figure after the values of a o
Structure at liquid-air temperature
The low-temperature structure of ferrous oxide has been previously investigated by Ellefson & Taylor (1934) , who reported that the structure remained cubic down to 160 ° K. We have observed, however, a decisive structure change in ferrous oxides when cooled below c. 200 ° K., and this has been briefly reported in an earlier communication (Tombs & Rooksby, 1950) . Fig. 2 (a) is a photograph of the room-temperature powder pattern (Co K~ radiation) of the original oxide (A), and Fig. 2(b) is the corresponding photograph taken at liquid-air temperature. The 220, 311 and 420 lines are slightly broader in (b) than in (a), whereas the definition of the 400 line remains unchanged. This suggests that at low temperatures the cubic structure cell is deformed very slightly along a [111] direction to give a rhombohedral cell, and this interpretation is completely verified by observations on oxide samples in which the iron concentration is higher.
The X-ray photographs of Fig. 2 (.,4) in the presence of free iron at 900 ° C. It will be seen that the 220 and 420 lines of Fig. 2(c) have each been split into two lines of approximately the same intensity in Fig. 2(d) , and the 331 line into three lines of which the two lower-angle lines are relatively weak. The 400 line remains unsplit. This form of powder pattern is that expected for a change from a cubic to a rhombohedral structure cell by extending the cubic cell along a [111] direction. The rhombohedral angle ~ is therefore less than the 60 ° required by cubic symmetry. The observed spacings and intensities taken from the low-temperature powder pattern (Fig. 2(d) ) are listed in Table 1 , and compared with the values calculated by assuming a rhombohedral structure cell with lattice parameters aR --3.0499 A, ~ = 59 ° 27.5', and with atomic parameters equivalent to those for the room-temperature face-centred cubic structure. Agreement between calculated and observed figures is extremely good.
Values of the rhombohedral lattice parameters aR, have been determined for many samples of different iron content from appropriate 90 ° K. powder photographs. The results are given in the curves Fig. 3(a) and (b), in which the room-temperature structure cell dimension, a0, is plotted against ~ and aR, respectively. According to Jette & Foote (1933a) , a 0 increases with iron content in an approximately linear fashion, and their data have been used in Fig. 3 to express a 0 in terms of the atomic percentage of iron in the ferrous oxide structure. The two arrows on each abscissa axis indicate the limits of homogeneity of ferrous oxide as determined by the same authors (Jette & Foote, 1933b) . We see from the figure that the magnitude of the cubic/rhombohedral change is relatively small for oxides containing up to 47.8 atomic% of iron, but that for oxides of higher iron content the magnitude of the change increases more rapidly. The lattice parameters of ferrous oxide at its limits of homogeneity are listed in Table 2 . These values are derived from extrapolation of the curves in Fig. 3(a) and (b) .
The two lines 116 and 212 in Fig. 2(d) are of approximately the same density. However, in Fig. 2(e) , which is a photograph taken at liquid-air temperature of a different sample, 116 appears to be distinctly = strong, m = medium, w = weak. 113a9. lattice parameters (hexagonal cell): aH= 3.0248, c/~ = 7.5010 A, and intensities normalized to weaker than 212, and the apparent densities of the lower-angle components of the other groups of lines are correspondingly reduced. This apparent weakening of the lower-angle components also occurred in varying degrees in low-temperature photographs of other samples. This effect can be explained as follows. If we consider the cubic 420 line, splitting occurs at lowtemperatures into the components 116 and 212, whose displacements from the 420 line (after correcting for thermal contraction) differ considerably. The displacement of 116 is approximately nine tinms that of 212, as the structure change on cooling takes place by an extension parallel to the rhombohedral triad axis with only a relatively small contraction normal to this axis. Thus any slight inhomogeneity of the sample, involving small local variations of lattice spacing, results in a broadening d 116 relative to 212, and @s broadening is apparent as a reduction of the peak density of the line. For the same reason an apparent reduction in density of the lower-angle components of the other groups of lines takes place. It should be emphasised that it is the apparent densities of the lower-angle components that show this anomalous behaviour. If integrated intensities had been evaluated, the anomalies would in all probability have disappeared, but no confirmatory measurements have been carried out.
The relative peak densities between components of split lines in the low-temperature powder photograph are of some practical interest. The density relationships provide a very sensitive indication of the degree of homogeneity of any given sample, an indication which is not apparent in the room-temperature photographs. X-ray powder photographs of an oxide of high iron content were taken at the intermediate temperatures 160 ° K. and 200 ° K. The splitting of the cubic lines could be clearly seen at 160 ° K., whereas no splitting was observable at 200 ° K.
Discussion of results
It is clear from the X-ray photographs taken at different temperatures below room temperature that the change of structure of ferrous Oxide, which develops on cooling through a certain transition temperature T~, is a change of the 'second order'. The change develops over an extended range of temperatures, and involves no re-arrangement of the ions within the structure cell. Similar structure changes have been observed in MnO and l~iO below the temperatures 160 ° K. and 470 ° K. respectively (Tombs & Rooksby, 1950; Rooksby, 1948) . It must be noted, however, that the deformation on cooling ferrous oxide takes place in an opposite sense from the changes in MnO and NiO, so that the rhombohedral angle is less than 600 for ferrous oxide and greater than 60 ° for MnO and NiO.
The X-ray results indicate that for ferrous oxide of high iron content Ta lies between 160 ° K. and 200 ° K. According to Bizette (1946) , the antiferromagnetic transition temperature of ferrous oxide is 198 ° K., and there is strong reason for believing (Smart & Greenwald, 1950) that the structure change is directly connected with the development of the antiferromagnetic state below this temperature. Moreover, Shull, Strauser & Wollan (1951) have shown by neu-tron-diffraction observations on powdered ferrous oxide at 80 ° K. that the magnetic moments of the Fe 9+ ions are parallel within a given (111) sheet of Fe 9+ ions and antiparallel between adjacent sheets. This picture is consistent with the X-ray observations, which indicate the development of a unique triad axis normal to a set of (111) planes.
The reason for the marked difference in the magnitude of the crystal structure change at low temperatures of ferrous oxide samples of different iron content (see Table 2 ) is not clear. It is unlikely that the difference is due to a variation of the transition temperature Tx between the different samples. Such an explanation would require a change of T~ of approximately 100 ° K. when the iron content of the sample increases from 47.5 to 48.5 atomic%, whereas the actual change in T~ for this range is probably much less. Thus Bizette (1946) found that T~ was 198 ° K. for a sample of maximum iron content, and Millar (1929) that Tx was 185 ° K. for a sample which was probably of minimum iron content. Further, Bizette measured the variation of T~ as a function of composition in the solid solution system Fe0-Mg0, and found that on lowering the atomic concentration of iron by 1% (by replacement of Fe 9+ with the nonmagnetic ion Mg 9+) a reduction in Tg of 5 ° K. only took place.
It appears reasonable to expect the magnitude of the deformation below Ta, which takes place in a direction normal to (111) ionic sheets, to increase as the number of vacant sites and Fe s+ ions within the sheets is reduced, i.e. as the stoichiometric composition is approached. However, on B~nard's interpretation of the room-temperature structure, the deformation is extremely small for stoichiometric Fe0 and increases rapidly as the proportion of dissolved Fe e+ ions increases. We believe that this is therefore additional evidence in favour of the interpretation of Jette & Foote. 
